Bone defects are common disease requiring thorough treatments since the bone is a complex vascularized tissue that is composed of multiple cell types embedded within an intricate extracellular matrix (ECM). For past decades, tissue engineering using cells, proteins, and scaffolds has been suggested as one of the promising approaches for effective bone regeneration. Recently, many researchers have been interested in designing effective platform for tissue regeneration by orchestrating factors involved in microenvironment around tissues. Among factors affecting bone formation, vascularization during bone development and after minor insults via endochondral and intramembranous ossification is especially critical for the long-term support for functional bone. In order to create vascularized bone constructs, the interactions between human mesenchymal stem cells (MSCs) and endothelial cells (ECs) have been investigated using both direct and indirect co-culture studies. Recently, various culture methods including micropatterning techniques, three dimensional scaffolds, and microfluidics have been developed to create micro-engineered platforms that mimic the nature of vascularized bone formation, leading to the creation of functional bone structures. This review focuses on MSCs co-cultured with endothelial cells and microengineered platforms to determine the underlying interplay between co-cultured MSCs and vascularized bone constructs, which is ultimately necessary for adequate regeneration of bone defects.
INTRODUCTION
Healing of bone defects through the use of tissue engineering strategies by providing scaffolds conducive to osteogenic differentiation is one of the largest fields of tissue engineering [1, 2] . Although many researchers have generated successful bone grafts, critical challenges remain. The most daunting challenge in the area of bone tissue engineering is the need to create sufficient vascularization to support the health and long-term functions of the repaired bone. Vascularization is important as a precondition for healing of bone defects [3] [4] [5] [6] . Tissue engineering techniques are often unsuccessful to reconstruct these defects due to irrelevant vascularization. The lack of vascularization in biomaterial scaffolds is the primary cause of inferior bone regeneration, and contributes to reduced mechanical and functional properties. In an attempt to rectify this problem and create functional bones with vascular networks, the delivery of growth factors into bone constructs has been studied [3] [4] [5] . However vascular networks induced by this method are likely to be immature, and might not be able to provide sufficient blood perfusion [7] . Like soft tissue organs such as the heart, liver, and kidney, the bone also needs mature vascular networks of stable and long-lasting blood vessels to function properly [3, 8] . Vascularization of the bone is a critical step for both intramembranous and endochondral ossification, as vascular invasion is needed for the development of bone marrow and other structures within the bone [9] . Since heavy vascularization is critical for successful bone regeneration, this review focuses on strategies developed for the induction and creation of vascularized bone constructs via regeneration of bones from stem cells using blood Among the several adult stem cell types involved in bone regeneration, mesenchymal stem cells (MSCs) have been reported to directly differentiate into osteoblasts at the interface between existing bones and the periosteum (intramembranous or appositional ossification) [10] . MSCs in the adult bone marrow are multipotent, and have the capacity to differentiate into bones, cartilages, muscles, ligaments, tendons, adipose tissues, and stroma, and contribute to the formation of blood vessels [11] [12] [13] . The osteogenic potential of MSCs is critical for bone formation; MSCs migrate into bone fractures and directly contribute to bone regeneration by differentiating towards an osteogenic lineage [14] . When hMSCs are co-implanted with endothelial cells (EC) in vivo, they can also develop into perivascular cells that stabilize nascent blood vessels [15, 16] . Therefore, co-culturing MSCs with endothelial cells can be an effective strategy to enhance vascularization in bone regeneration, and to improve bone functionality [17, 18] .
VASCULARIZED BONE BIOLOGY

Microstructural aspect of bone formation
The bone is a specialized connective tissue that provides internal support, movement, and attachment site for muscles and protection to the body [19, 20] . Within the extracellular matrix (ECM), which is composed of various types of materials, a vascular network exists in order to support the cellular components of bone. Therefore, both the structural and cellular aspects of the functional bone need to be mimicked during the creation of engineered bone grafts. In terms of its structural composition, bone ECM has two main compositional phases [21] [22] [23] [24] . The organic phase is made up of ECM components such as collagen I and osteopontin, which form a composite material with hydroxyapatite, the major inorganic component of the bone. In the ECM, mineralized collagen fibrils are formed from collagen and hydroxyapatite nanocrystal deposits, which scale up to create the lamellar bone nanostructure (Fig. 1) .
The organic component of the ECM, which constitutes almost 20% of bone by weight [24] , is composed of proteins and polysaccharides capable that modulates the functions of bone cells. Hydroxyapatite participates in forming the inorganic ECM components, and provides structural support that is comparable to steel by weight [25, 26] .
To create the structural network found in bones, three main bone cell types known as osteoblasts, osteoclasts, and osteocytes, are required [27, 28] . Osteoblasts a specialized form of fibroblasts that stimulate bone formation by producing collagen, bone sialoprotein, and hydroxyapatite on demand, whereas osteoclasts act to reconstruct bone structures by breaking down the miner- [27, 29, 30] . In addition to the three main types of bone cells, MSCs and hematopoietic stem cells (HSCs) are also found within the bone marrow and contribute to formation of bone cells [31] . It is known that these stem cells line the exterior of bone underneath the periosteum. While MSCs are working as osteoblast progenitors, HSCs are working as osteoclast progenitors [32, 33] . They can also be found in other connective tissues within the body such as fat tissues [34] .
Macrostructural aspect of bone formation
The macroscopic bone structure is pervaded by an intricate vascular network that is well developed within both the compact and trabecular bone. Compact bone is the dense exterior bone, while the less dense interior segment is called the trabecular (or spongy) bone [35] . Blood vessels pervade the bone through the Haversian and Volkmann's canals. Compact bone is made up of osteons, which are long, cylindrical structures oriented parallel to the long axis of the bone. These structures are essential for responses to compression stresses. Functionally, osteons can be viewed as miniature weight bearing pillars made up of layers of concentric tubes known as lamella. In between each layer of tubes are lacunae, where osteocytes reside (Fig. 2) . 
Endochondral ossification and intramembranous ossification
It is known that bone forms through two pathways: endochondral ossification and intramembranous ossification [36, 37] . Endochondral ossification primarily involves the development, growth, and repair of long bones [38] . Intramembranous ossification is reserved for the development, growth, and repair of bones found in the head. The main difference between the two processes is that during endochondral ossification, osteoprogenitors first differentiate into chondrocytes and deposit cartilage before becoming hypertrophic, recruit osteoblasts, and subsequently mineralizing the matrix. The converted action of various cell types is a district process in endochondral ossification. In contrast, intramembranous ossification does not involve this intermediate step, and directly forms mineralized matrix without prior chondrogenic differentiation [36, 39] .
Biology of bone vascularature
The bone marrow is composed of both red marrow, made up primarily of hematopoietic cells, and yellow marrow, made up primarily of fat cells. Red marrow is predominantly involved in hematopoiesis, and yellow marrow constitutes the majority of the stroma that provides the bone microenvironment. Endothelial cells in the bone maintain vascular integrity, contribute to bone formation, and directly stimulate osteoblasts/osteoclasts [40] .
Long bones are generally supplied by a nutrient artery, periosteal vessels, and epiphyseal vessels. These vessels nourish different parts of the bone, but also provide collateral sources of nutrient supply in the case of a blockage. The nutrient artery primarily supplies blood to the cortex of the diaphysis and metaphysis. The periosteal vessels supply the periosteum and the superficial layers of the cortex. The nutrient artery and periosteal vessels converge, allowing one system to take over for both in case an obstruction occurs. The epiphyseal vessels are a ring of arteries that enter the bone between the growth plate and the joint capsule to supply the epiphyses or ends of the bone. While the epiphyseal vessels are joined to the nutrient artery and periosteal vessels in adults, in children, the epiphyseal vessels are the sole blood supply for developing cartilages and bones at the growth plate [41] .
Physiologically, when a bone is fractured, bone is capable of recovering to its previous healthy state. First, the surrounding tissue ruptures, causing the tissues to bleed. Blood will then coagulate to form a large clot around the fracture within a week. This large clot is known as a fracture hematoma. Anywhere from two to three weeks following the fracture, blood vessels will penetrate the matrix of the hematoma, recruiting phagocytes to remove non-viable material. In addition, recruited fibroblasts will remodel the ECM and form collagen fibers, resulting in the development of a rubbery callus consisting of hyaline cartilage. At the beginning of week four, osteoblasts are recruited to mineralize this collagen matrix with HA nanocrystals, leading to the formation of immature bone within 16 weeks [42] [43] [44] [45] [46] [47] . Over time, this immature bone matrix is remodeled to create mature, lamellar bone. The structural remodeled bone is the result of the constant deposition and reabsorption of the bone matrix by osteoblasts and osteoclasts, respectively. It is known that weight bearing loads applied through daily routines, such as walking or exercising drives this phenomenon, which is termed Wolff 's Law [48] [49] [50] .
CO-CULTURE TECHNIQUES
Co-culture techniques have been widely used to study cellcell communication, and has recently been utilized intensively for tissue engineering purposes [51] [52] [53] . Since the pioneering works done by Lawrence et al. [54] , where gap junction-mediated cellular communication was studied between combined rat ovarian granulosa cells and mouse myocardial cells, co-culture techniques have become popular for investigating cell-cell communications. Gap junction-mediated cellular communication is critical in development and differentiation of cells [55] . At tissues are composed of multiple cell types interconnected within complex spatial structures, co-culture enables us to mimic the tissue microenvironments that need to be restored or replaced. The presence of another cells is elevated the culturing success as well [52] . Moreover, incorporation of stem cells such as embryonic stem cells, induced pluripotent stem cells, and MSCs within the co-culture system is essential for the creation of complex regenerative tissues or organs. For example, co-culture with osteoclast simulated the differentiation of MSCs into bone forming cells [56] .
Indirect modes
Indirect co-cultures enable us to observe the role of paracrine factors, which are released by cells, or from the ECM. Paracrine interactions between MSCs and angiogenic cells can be simulated and analyzed. Indirect cellular interactions have long been studied in semi-permeable transwell membrane inserts or conditioned media created from specific cells. Joensuu et al. [57] used transwells for paracrine interaction between MSCs and mononuclear cells (MNCs). Osteoblastic differentiation of MSCs was improved by co-culturing with MNCs in vascular endothelial growth factor (VEGF) supplements that was soluble factors of bone formation and angiogenesis. In addition to these in vitro culture methods, applying a specific media for homogeneous cell populations can be considered a type of indirect co-culture, as each type of cell responds differently to the cell-culture media. For example, one study used osteogenic differentiation medium and endothelial cell growth medium to co-culture MSCs with outgrowth endothelial cells (OECs) [58] . Using endothelial cell growth media, the authors found that the angiogenic properties of OECs were enhanced, while the osteogenic differentiation of MSCs was reduced. Additionally, the authors showed that endothelial cell media supplement with osteogenic factors did not lead to the improved osteogenic differentiation of MSCs. This suggests that the angiogenic potential of MSCs, when co-cultured with OECs, depends on the media type and its paracrine effects exerted by other cells. Overall, these findings indicated that soluble factors present in the media exert differential influences on each cell type in a co-culture environment. In another study, a mixed media consisting of osteogenic differentiation and endothelial growth media was utilized to evaluate the effect of the supportive media on MSCs and ECs, as well as on the growth characteristics of human mesenchymal stem cells (hMSCs). The potential of hMSCs to differentiate towards different lineages was reduced in the mixed media, and there was no preference towards endothelial cell differentiation [59] . In contrast, Pedersen et al. [60] reported that an osteogenic stimulatory media, enriched with dexamethasone (Dex), ascorbic acid, and β-glycerophosphate, can support growth and maturation of endothelial microvascular networks, as well as perivascular and osteogenic differentiation of MSCs.
Direct modes
In direct co-culture systems, cell interaction occurs via direct adhesion between distinct cell types and cell-ECM [61] . Osteogenesis is a bone healing process that needs the support of vessel-forming cells, and requires cellular communication via direct contact through gap junctions [62] . To evaluate the effect of EC on the differentiation of MSCs toward smooth muscle cells (SMCs), Ball et al. [63] demonstrated that direct contact between MSCs and ECs resulted in the disorganization of smooth muscle alpha-actin (SM α-actin), while indirect co-culture maintained well organized SM α-actin filaments. This suggests that MSCs phenotypes are influenced by ECs, which determines the fate of MSCs in vascularized bone constructs. In another study, spheroidal co-cultures of HUVECs and hMSCs were used to create three-dimensional perivascular networks in vitro [64] . In order to determine the extent of the perivascular network within a HUVEC/hMSC spheroid, different percentages of HUVECs were incorporated. A high seeding density of HUVECs resulted in a reduction of CD31-positive cells in HUVEC/ hMSC spheroids after 10 days of in vitro cultivation, while 5% of the cells were CD31-positive when only 1% of HUVECs were seeded in a HUVEC/hMSC spheroid. This indicated that the perivascular network created HUVECs and hMSC co-cultures were the result of direct HUVEC-MSC communications. Subsequent subcutaneous in vivo implantation exhibited vessel-like structures within 14 days of subcutaneous implantation. In another study, a spheroid co-culture system consisting of HUVECs and MSCs was studied. The co-cultured MSCs and HUVECs self-assembled into a MSC-centered spheroid surrounded by HUVECs, which resulted in a primitive network of CD31-positive capillary-like structures. The co-cultured spheroid had increased alkaline phosphatase (ALP) activity, indicating that ECs supported osteogenesis of MSCs. One interesting finding was that osteogenic differentiation occurred near the periphery of organoids, where HUVECs and MSCs were co-localized [65] . In the other study, MSCs and EPCs that derived from peripheral blood were co-cultured in highly interconnected three dimensional (3D) calcium phosphate polymer scaffolds with strontium. MSCs and EPCs grew together and interacted with each other in these scaffolds. It was supported that increase of EPCs proportion led to high expression of the endothelial cell marker CD31 and stimulated proliferation and differentiation of MSCs. It was also found strontium in 3D scaffold resulted in cell proliferation and expression of the ALP and VEGF [66] .
Other considerations in co-culture modes
In co-culture, several parameters can be manipulated. The number of cell types, the degree of the resemblance, contact of each cell type within the co-culture, culture volumes, and media composition can determine the final outcomes [67] . In a co-culture consisting of hMSCs and HUVECs, the ratio of osteogenic supplement medium and endothelial supplement medium can affect the differentiation potential cells. Hence, the performance of supporting media for HUVECs and hMSCs needs to be assessed prior to usage. Interestingly, with regard to choosing the culture media, osteogenic media can improve the angiogenic potential of HUVECs when co-culture with hMSCs. Additionally, the interplay of co-cultured cells within the biomaterial should be considered as well. In EC-based co-cultures, various materials were utilized: poly (ε-caprolactone) (PCL), PCLstarch, porous hydroxyapatite and β-TCP [68] [69] [70] [71] . When attached to the biomaterials, each cell type is differentially affected by the substrates, which induce specific interactions between the cells. The co-culture system is not a simple culture system. In fact, delicate manipulation of all the parameters in the co-culture system allows the creation of a vascularized bone structure in vivo, such as induction of osteogenesis of hMSCs before seeding of MSCs and HUVECs in a fibrin hydrogel [72] .
MICROPATTERNING IN CO-CULTURES Two dimensional micropatterning technologies
Micropatterning technologies are enabling platform strategies that explore the relationship of cells cultured on substrates. These delicate techniques, which include micro-contact, photolithographic, and microfluidic micro-patterning, can replicate complex architectural and boundary conditions of in vivo tissues, which are essential for the in vivo vascularization of the bone. Recapitulating the interactions between bone forming cells helps us to create vascularized bone constructs. By manipulating cellular behaviors such as attachment, shape, and spreading (cell size), micro-patterning approaches enable us to study cellular interactions between target and support cells [73] [74] [75] . Photolithography and soft lithography are the most common methods for micro-patterns fabrication. In photolithography, a mask with micro-patterns is used to create desired patterns onto a photo-resistant coated silicon wafer. The mask prevents UVlight penetration onto the coated silicon wafer, and leaves the unmasked area to be further processed in subsequent steps. Although a clean room facility is required, photolithography allows for any pattern with 1-2 μm resolution [76] . Another technique that can engrave sophisticated patterns onto wafers is soft lithography, which can create patterned stamps onto polymeric elastomers without the need for a clean room. The patterned micro-stamp can be utilized for micro-contact printing and micro-molding. For example, poly(dimethyl siloxane) (PDMS) stamps can be prepared, and further treated with alkanethiols to contact with gold substrates in micro-contact printing [74] . In the case of micro-molding, photolithography is utilized for creating the micro-molds onto a silicon wafer [77] . For conventional micro-patterning without using lithography techniques, parafilm inserts and liquid tilting can be utilized [78, 79] . For the parafilm insert approach, the parafilm is cut and attached onto the cell adhesive surfaces to create a blocking area for cell attachment, while the liquid tilting method creates patterns by tilting volumes of surface blocking solution such as bovine serum albumin.
Three dimensional micropatterning technologies
To create a 3D patterned hydrogel, layer-by-layer stereolithography (SLA) can be employed [80] . The patterned layers can be created precisely, after which, the un-cross-linked layers can be washed away. Because this technique allows for the creation of patterns in individual layers using a stereophotolithographic approach, it is easier to control than post-gelation patterning. Maskless SLA is another technique used to create patterned hydrogels. In this technique, a cross-linkable polymer is crosslinked just after being printed onto a substrate. Maskless SLA is a layer-by-layer fabrication technique, which allows the seeding of other cell populations onto a patterned structure, and is important for elucidating cellular interactions in co-cultures. The other patterning technique is mask-based photolithography that forms 3D hydrogel [81, 82] . In the mask-based SLA approach, a photomask allows for the selective of photoinhibitor-containing pre-polymer gelatin in each layer, so that multi-layered and patterned structures can be constructed.
Co-cultured MSCs with HUVECs using micro-patterning technologies
On micrometer-scale islands of ECM, self-assembled alkanethiolate monolayers were printed on gold using a micro-contact printing technique, following which bovine capillary ECs and human microvascular ECs were cultured on the micropatterned surfaces. It was found that a small adhesive area induced apoptosis while large adhesive areas led to overall cell growth [74] . Nikkhah et al. [83] also developed micro-patterned hydrogels to create highly organized endothelial cord structures. Using photo-crosslinkable gelatin methacrylate hydrogels, they were able to fabricate micro-patterned constructs with different height spacers (50, 100, 150 μm) through a photomask-assisted patterning technique. They loaded HUVECs within the micropatterned hydrogel in order to find the optimal microenvironment for circular and stable cord formation. Among those micropatterned hydrogels, 50-and 100 μm-high constructs showed better aligned structures with highly organized and oriented actin fibers as compared with un-patterned and 150 μm-high constructs. This suggests that geometrical confinement of HUVECs within micro-patterned hydrogels lead to organized cells. Such findings would be useful for increasing angiogenic potential, thereby developing better organized vasculatures. Moreover, differentiation of MSCs has been reported to change along with micro-patterned surfaces. The shape of hMSCs also affected cell differentiation as single hMSCs become adipocytes on small (1024 μm 2 ) fibronectin islands, while large islands (10000 μm 2 ) support osteogenic differentiation. It was determined that cytoskeletal tension and RhoA activity was responsible for this change [84] .
In addition to modulating the cellular behavior of single cell types on micro-patterned structures, recent studies have shifted towards investigating micro-patterning effects on co-cultured MSCs with HUVECs. Based on the fact that the osteogenic potential of MSCs can be improved by endothelial-derived cytokines such as bone morphogenetic proteins and VEGF, Kim et al. [85] created an aligned nanostructure mimicking human cancellous bone tissue ex vivo via ultraviolet (UV)-assisted capillary force lithography with polyurethane acrylate (PUA), and co-cultured MSCs with ECs (Fig. 3) . The authors created nano-topographic PUA matrices with regularly-spaced nanogrooves with a width of 550 nm and three different gaps of 550, 1650, and 2750 nm. HMSCs co-cultured with HUVECs on the PUA matrices showed highly aligned orientations in both cell types on the PUA matrices, even after 7 days of cultivation. Moreover, the nano-grooves with 2750 nm gaps produced more elongated cells than those with 550 nm gaps. Compared to mono-layered cultures on flat substrates, hMSCs co-cultured with HUVECs at half the initial seeding density (0.5×10 4 cells/sample, respectively) showed better osteogenic potential than hMSC monocultures. Instead of using a surface lithographical technique, Trkov et al. [86] used microfluidic channels to create spacing distances from 500 to 2000 μm, and co-cultured MSCs with HUVECs to demonstrate distance-dependent migration of MSCs toward HUVECs. Both cell types were encapsulated in fibrin gels and loaded into two parallel channels spaced 500, 1000, 2000 μm apart. The author found that the migration of MSCs toward HUVECs was higher when they were spaced closer together. This distance-dependent migration of MSCs reflects the concentration-dependent migration of MSCs through endothelial-derived cytokines. Moreover, MSCs that migrated towards HUVECs expressed alpha-smooth muscle actin, which is a biomarker for SMCs and pericytes, indicating that direct contact of MSCs with endothelial tubes induced the differentiation of MSCs towards the SMC/pericyte lineages.
OTHER THREE DIMENSIONAL TECHNOLOGIES IN CO-CULTURES Microfluidics
Microfluidic platforms has created more physiological cellular environments than those achievable with traditional techniques. These platforms can simplify the application of various stimuli and improve in vitro culture models [87, 88] . Microfluidics has a potential as provide significant opportunities for bone physiology and regeneration [88] . It is well known that microfluidics overcomes the difficulties such as sufficient supply of oxygen and nutrition in large structures by using microfabrication to create an entire blood supply [89] .
For bone tissue regeneration, it was demonstrated that microfluidic platform can be used to conduct mechano-transduction of bone cell under bone tissue mimicking flow condition [88] . [90] fabricated PDMS microfluidic system with polymeric nanoparticles (NPs) through standard micromolding process. In their system, NPs can control release Dex molecules and regulate osteogenic differentiation of MSCs, suggesting an improved culture system for a bone tissue repair.
Scaffold based three dimensional technologies
Recently, various co-culture studies have been performed in 3D culture system with biofunctional scaffolds [92] [93] [94] . In a study with collagen based pseudo-periosteum membrane mimicking native structure of periosteum, cells grown in micropatterned membranes had more proliferation than flat collagen membranes. Then, micropatterned pseudo-periosteum membrane covered 3D porous scaffolds consisting of 70% inorganic nanoparticles and 30% collagen type 1 were tested for co-cultures of MSCs and EC to investigate the effect of a scaffold structure on bone regeneration. The results demonstrated that 3D scaffolds mimicking bone composition promoted osteogenic differentiation as compared to the periosteum-free scaffolds [95] .
In another study, MSCs and EPCs or MSCs and HUVECs were co-cultured in the elastomeric polyurethane (PU) scaffolds containing nanoparticles of hydroxyapatite to fabricate 3D PU scaffolds having prevascularized bone implants and thus enabling a faster blood supply. The pre-vascular network was shown as early as 7 days. Both co-culture systems showed earlier osteogenic differentiation than MSCs alone. It was also observed that MSCs and EPCs co-cultures increased tubular structure as compared with MSCs alone. The formation of pre-vascular structure was more mature and abundant in a co-culture with MSCs and HUVECs [96] .
CONCLUSION
The bone is a complex tissue that is composed of multiple cell types and an extensive ECM that consists of both organic and inorganic components. While the body is able to form robust and well-vascularized bone structures during development and after minor injuries, it struggles to fully repair major injuries on biomaterial-based replacements. Bone is a complex structure that is designed to be light and yet is able to resist stresses from multiple directions. Furthermore, it also provides cells that make up the immune system. To generate functional bones within large defects, co-cultures containing both MSCs and ECs have been investigated in order to enhance the creation of vascularized bone constructs. Multiple micro-patterning techniques have been utilized to allow the creation of high resolution 2-and 3D patterns of cells and ECM components. In conclusion, new approaches for the creation of functional bones are necessary for the adequate regeneration of large bone defects.
